Background: Sleep-disordered breathing (SDB) is linked to adverse pregnancy out-
| INTRODUC TI ON
Preterm deliveries (PTD), before the completion of 37 weeks' gestation, represent 11% of total US births, 1 and are major contributors to infant morbidity and mortality. 2, 3 Multiple risk factors have been linked to earlier deliveries, including infections, chronic maternal conditions, obstetric complications, behavioural and sociodemographic factors. [4] [5] [6] Sleep disturbances have also been related to adverse birth outcomes. [7] [8] [9] In particular, frequent snoring, the hallmark symptom of sleep-disordered breathing (SDB) and its severe formobstructive sleep apnoea (OSA)-have been independently associated with several key adverse pregnancy outcomes: hypertensive disorders of pregnancy; gestational diabetes; caesarean section; and small newborn size. [10] [11] [12] [13] However, inconsistent data on the association of SDB and PTD or mean gestational age at delivery suggest a positive 14, 15 or no association. [16] [17] [18] Similarly, mixed findings have been reported with objectively measured OSA. 19, 20 Diverse exposure and outcome definitions, sample size, and control of known confounders, that is hypertension and diabetes, likely drive the inconsistencies.
Snoring is typically defined by its frequency and few studies consider intensity. In non-pregnant populations, snoring intensity has been correlated with OSA severity, measured with an overnight polysomnography, in a dose-response manner. [21] [22] [23] Little consideration has been given to snoring intensity in pregnancy. Furthermore, despite the inherent temporal property of gestational age at delivery, prior studies have rarely framed deliveries as time-to-event outcomes. 24 . In the light of a growing body of research on key developmental processes that occur between 37 and 39 completed weeks' gestation, 25, 26 the American College of Obstetricians and Gynecologists (ACOG) has redefined full-term as 39-40 completed weeks' gestation and deliveries at 37-38 completed weeks' gestation are considered early-term. 27 Using time-to-event approach, rather than a dichotomy of full-term vs preterm, provides week-specific risk of delivery along the gestational age continuum, a clinically useful information with important implications. We therefore examined the association between snoring frequency and intensity and time-todelivery in a large prospective cohort of pregnant women without hypertension or diabetes, key pregnancy co-morbidities, linked to SDB. We hypothesised that snoring intensity will be positively associated with earlier deliveries.
| ME THODS

| Study population
This secondary analysis utilised prospective data of pregnant women recruited between March 2008 and December 2010 from prenatal clinics within the University of Michigan, a large tertiary medical centre. 12 Inclusion criteria were maternal age ≥18 years old, gestational week ≥28 and a singleton pregnancy. Of the women approached, 84% consented and enrolled in the study. To control for pregnancy co-morbidities that confound the association of SDB and time-to-delivery, we restricted this study to women without a diagnosis of hypertension or diabetes. The following exclusion criteria were used: (a) pre-pregnancy hypertension or hypertensive disorders of pregnancy; and (b) Pre-pregnancy diabetes or gestational diabetes (see Figure 1 ). Women reported their snoring characteristics and demographic data via questionnaire (see below). Maternal and pregnancy outcomes were abstracted from their medical charts. All women provided written informed consent. The study obtained approval from the University of Michigan Institutional Review Board.
| Gestational age at delivery
Gestational age at delivery, based on third trimester best obstetric estimate, was abstracted from medical charts and analysed as a time-to-event outcome. Deliveries were classified as vaginal, planned caesarean section or emergency caesarean section. Elective caesarean section deliveries were censored if a woman had undergone a previous abdominal surgery, a strong predictor of a repeat surgical delivery. Women were followed from the time of enrolment until they delivered or were censored.
| Snoring characteristics
Data on snoring frequency and intensity were collected via questionnaire during the third trimester, as by the third trimester, snoring has been developed and prevalent among at least a fifth of pregnant women. 28 Specifically, women were asked about the frequency of on maternal and foetal outcomes, with chronic snoring driving the relationship with foetal growth restriction. 29 Thus, women were also asked about the timing of their snoring onset in relation to the pregnancy, whether chronic (began before pregnancy) or pregnancyonset. Information about timing of snoring was used to create two strata for chronic, pre-pregnancy and pregnancy-onset snorers.
Within each strata and based on their pre-pregnancy snoring profile, women were classified into the four study groups: (a) Non-snorers, (b) Infrequent-quiet snorers, (c) Frequent-quiet snorers, and (c)
Frequent-loud snorers. Non-snorers in the pre-pregnancy stratum (n = 473) were further classified into the four study groups according to their pregnancy snoring status ( Figure S1 ). Two women that reported infrequent-loud snoring were included as frequent-loud snoring, as their baseline characteristics were similar to women in this group. Women with missing snoring information were excluded from the analysis (<1% of the total sample).
| Covariates
We used a directed acyclic graph to guide covariate selection in the 
| Statistical analyses
Descriptive statistics, chi-square, and linear regression tests were used to compare the distributions of sociodemographic, maternal, pregnancy, and delivery characteristics among women classified by their snoring frequency and intensity and by the timing of their snoring onset. We then examined the associations of snoring frequency and intensity among women in groups in the chronic or pregnancyonset strata.
We investigated the association of snoring frequency and intensity with time-to-delivery among a cohort of pregnant women, free of hypertensive disorders and diabetes, common disorders known to be associated both with SDB and earlier deliveries. This approach allows the investigation of snoring influence on timing of deliveries in an otherwise healthy pregnant women without the presence of these key confounding variables. Women with a scheduled caesarean delivery due to a prior abdominal surgery were excluded as they did not follow a natural time-to-delivery process. We also censored women who delivered after the completion of 42 weeks' gestation as post-term deliveries are associated with negative maternal, foetal and neonatal consequences.
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Kaplan-Meier methods were applied to estimate the cumulative delivery rate along the third trimester among pregnant women classified by snoring frequency and intensity and timing of snoring onset. The probability of delivery prior to 37 completed weeks' gestation was estimated in women with chronic frequent-loud snoring and non-snores. We used the Log-rank chi-squared test to compare the Kaplan-Meier survival curves along the third trimester of women in each group. To evaluate the association of time-to-delivery and snoring frequency and intensity, we fitted two Cox proportional hazard regression models among pregnant women with chronic or pregnancy-onset snoring, respectively. In these models, we controlled for pregnancy characteristics. The
Cox regression analyses produce hazard ratio that represents the relative likelihood of delivery along the gestational age for women in each snoring stratum compared with non-snorers and those who did not deliver at that time. All analyses were conducted with SAS 9.4 (Cary, NC).
| RE SULTS
A total of 1483 pregnant women between 28 to 40 weeks' gestation were recruited from prenatal clinics. After exclusion of eight women who were lost to follow-up (delivered elsewhere) and 521 women with either hypertensive disorders of pregnancy, diabetes or both, the resulting cohort comprised of 954 non-hypertensive and nondiabetic pregnant women ( Figure 1 ).
| Chronic snoring
In the cohort of 946 pregnant women in the pre-pregnancy stratum, half were non-snorers, while 41% and 5% were chronic, infrequentquiet or frequent-quiet snorers, respectively. Of the 473 women with chronic snoring, 7% were frequent-loud snorers. Similar distributions of maternal age, race and parity were observed across snoring frequency and intensity groups (Table 1) . However, attained education, smoking, mean gestational age at delivery, mean baseline BMI, and mode of delivery were associated with snoring frequency and intensity (Table 1 ). Figure 2 represents the Kaplan-Meier plot of the cumulative delivery incidence among the four groups of pregnant women in the chronic snoring stratum. For these women, there were no differences among the median gestational week at delivery; 39.7, 39.9, 39.7 and 39.6 weeks for non-snorers, infrequent-quiet, frequentquiet and frequent-loud snorers, respectively. However, the first quartile (25%) gestational week at delivery was 38.7, 38.9, 38.7 and 38.1 weeks for non-snorers, infrequent-quiet, frequent-quiet and frequent-loud pregnant snorers. The Kaplan-Meier curves of infrequent-quiet, frequent-quiet, frequent-loud, and non-snorers were different (P < 0.05). We estimated the positive predictive value for chronic, frequent-loud snorers and for non-snorers. The probability of preterm delivery (<37 weeks gestation) was 24% among frequent-loud snorers vs 10% in non-snorers. In multivariable Cox proportional hazard regression models for chronic snorers, snoring frequency and intensity, maternal education, parity, smoking and baseline BMI were associated with time-to-delivery, but race was not (Table 2) . Compared with non-snorers, the hazard ratio for delivery, adjusted for pregnancy characteristics, (7) 14 (29) 5 (15) 27 (8) 11 (13) 1 (3) 2 (20) High school 76 (20) 13 (27) 10 (30) 51 (15) 15 (18) 5 (14) 2 (20) Some college 79 (21) 11 (22) 7 (21) 64 (19) 17 (20) 10 (28) 2 (20) Bachelor's degree or higher 204 (53) 11 (22) 11 (33) 190 (57) 42 (49) 20 (56) 4 (40) Nulliparous 171 (56) 12 (24) 15 (47) 152 (45) 32 (37) 18 (47) 2 (20) Mean BMI (pre-pregnancy) 26 (6) 28 (8) 31 (10) 23 (4) 23 (4) 24 (4) 25 (4) Smokers 42 (11) 12 (24) 10 (30) 26 (8) 12 (14) 4 (11) 1 (10) Mean gestational age at delivery (SD)
39 (2) 39 (2) 38 (3) 39 (2) 39 (2) 39 (2) 39 (2) Mode of delivery 
| Pregnancy-onset snoring
Pregnancy snoring was experienced by 28% of the women (n = 135) and was mostly developed during the second trimester. Among
Maternal and pregnancy characteristics
Model 1: unadjusted hazard ratio (95% CI) Model 2: adjusted hazard ratio (95% CI)
Snoring frequency intensity TA B L E 2 Hazard ratios of chronic snoring frequency and intensity and time-to-delivery among a cohort of pregnant women without diabetes or hypertension F I G U R E 3 Kaplan-Meier survival curves: pregnancy-onset sleep-disordered breathing and time-to-delivery in a cohort of women without diabetes or hypertension classified by snoring frequency and intensity these snorers, the majority were infrequent-quiet (64%), more than a quarter were frequent-quiet, and 7% were frequent-loud snorers (Table 1 ). There were no associations between maternal and pregnancy characteristics and snoring frequency and intensity (Table 1) .
The Kaplan-Meier survival curves were similar across pregnancyonset snorers and non-snorers (P = 0.9). The median gestational week at delivery was 39.7 for non-snorers or infrequent-quiet snorers, 39.9 for frequent-quiet snorers, and 39.3 for women with frequent-loud snoring. A quarter of women, in all study groups, delivered before 39 completed weeks' gestation ( Figure 3 ).
In multivariable Cox proportional hazard regression models for pregnancy-onset snorers, snoring frequency and intensity was not associated with time-to-delivery. Adjusted for pregnancy character- 
| COMMENT
| Principal findings
In this large cohort of non-hypertensive and non-diabetic pregnant women, we have shown that chronic, frequent-loud snoring is associated with increased hazard for earlier deliveries. Women with infrequent-quiet, or frequent-quiet snoring had a similar delivery hazard as non-snorers. Notably, a fifth of chronic, frequent-loud snorers-absent of key pregnancy co-morbidities-delivered before the completion of 37 weeks' gestation compared with a tenth of the non-snorers. The finding that chronic, but not pregnancy-onset, snoring is associated with time-to-delivery in women without key co-morbidities, emphasise the importance of screening not only for frequency of snoring but also its intensity and chronicity in otherwise healthy women.
| Strengths of the study
One of the major strengths of this work is the ability to determine the association of maternal snoring on time-to-delivery by exclusion of women with hypertensive disorders of pregnancy and gestational diabetes, as these have been independently associated with both SDB and earlier deliveries. 12, 19 The large sample size of this cohort provided sufficient power to exclude women with these relatively common pregnancy conditions. Our findings suggest that even among women without these key co-morbidities, chronic frequentloud snoring still posits a risk of earlier deliveries.
Another strength of this study is our original approach that analyses deliveries as a time-to-event outcome with survival analysis, rather than previously used statistical methods, that is linear or logistic regressions. Despite the inherent property of time in pregnancy and delivery events, time-to-event analysis has been rarely used in this context. 24 Earlier deliveries are often associated with neonatal morbidity and mortality corresponding to the gestational week at delivery. In this analysis, the outcome of interest, delivery events, are observed among all women in the third trimester, with two purposes: (a) estimating the probability that a woman will deliver (or not) by a given gestational week, and (b) comparing timeto-delivery among study groups. With the Kaplan-Meier analysis,
we estimated the probability of delivery during or before both the preterm and early-term gestational age range, which demonstrated a higher frequency of delivery prior to both 37 and 39 completed weeks' gestation among chronic, frequent-loud snoring women compared with controls. weight, which in pregnancy will be necessarily high, while several scales rely on hypertensive status, which we restricted for in the current study, or gender, irrelevant to a study of pregnant women.
| Limitations of the data
Whether the presence of hypertension or diabetes confounds or mediates the SDB-early deliveries association is still unclear. However, as our data did not support indirect pathways between snoring and earlier deliveries, through hypertensive disorders of pregnancy and gestational diabetes, we considered those pregnancy disorders as confounders. Finally, small subgroups size in the pregnancy-onset snoring stratum may have limited our ability to detect significant results. However, the size of the effect estimates in this stratum suggests possible associations between snoring characteristics and timing of delivery. To further examine these associations, we conducted sensitivity analyses within larger groups in the pregnancy-onset stratum. Specifically, we collapsed women with pregnancy-onset snoring into three groups by the frequency or intensity of their snoring and ran two separate regression models. We first grouped women by snoring intensity-non-snorers, quiet snores, loud snorers, and later by snoring frequency-non-snorers, infrequent snores, and frequent snorers. Results from the first analysis suggested an increased HR for women in the quiet group (frequent + infrequent snorers) compared with controls (HR = 1.32, 95% CI 1.05, 1.66). Similarly, the second analysis produced an increased HR for women in the frequent (quiet + loud) group compared with controls (HR = 1.44, 95% CI 1.02, 2.02). These sensitivity analyses associated both snoring characteristics-frequency and intensity-with the timing of delivery and supports additional larger studies.
| Interpretation
The role of SDB in the timing of delivery has been investigated in several studies with mixed findings, likely driven by study design heterogeneity, for example SDB and PTD definitions (snoring vs objective measures and thresholds of earlier deliveries), sample size, control for third variables, and statistical approaches. Frequent snoring has been inconsistently linked to PTD or mean gestational age at delivery. [14] [15] [16] 18 In non-pregnant populations, snoring intensity, defined as loud or as disruptive to others, has been shown to characterise the severity of disease, such that loud snoring correlates to objective measures of OSA severity. [21] [22] [23] 34, 35 Surprisingly, snoring intensity has been rarely measured in pregnancy. In a descriptive study of sleep disturbances in pregnancy among 195
Chinese women, an increased prevalence of moderate-severe snoring intensity has been observed in women with a BMI ≥25 compared with those with lower BMIs. 36 A US-based cohort study with 1153 pregnant women found similar PTD rates among women with loud snoring, often-snoring, and non-snorers. 17 However, neither of these studies has considered the timing of the snoring, which we have previously shown to be important in the association with pregnancy outcomes. 12, 29 Furthermore, although snoring intensity per se was not measured, self-report of witnessed apnoea or gasping as a marker of more severe SDB has been associated with approximately two-fold PTD odds. 14 These data suggest that both frequency and intensity of snoring should be considered together when investigating associations of snoring and poor pregnancy outcomes.
In adjusted models, baseline maternal BMI was associated with longer time-to-delivery suggesting that as maternal BMI increases, the likelihood of early delivery decreases. This result is in contrast to the reported link between preterm birth and excessive maternal weight, 4 but may be explained by the absence of hypertensive and diabetic women. Therefore, the obese women in this cohort may be "metabolically healthy obese" and their weight would not increase their risk for earlier delivery.
Potential mechanisms that link maternal sleep to adverse delivery outcomes may include inflammatory cascades and placental dysfunction. Inflammation, oxidative stress, and endothelial dysfunction are all implicated not only in SDB but also in adverse pregnancy outcomes. 37, 38 Disturbed sleep during early pregnancysuch as occurs in chronic snorers-likely contributes to an increased inflammatory response that could disrupt the normal remodelling of maternal blood vessels that perfuse the placenta. 39 Placental insufficiency-due to uteroplacental hypoperfusion-could then occur, 40 leading to a higher risk of earlier delivery.
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| CON CLUS IONS
Women with chronic frequent-loud snoring, absent of key comorbidities, have an increased hazard for earlier deliveries. These findings illustrate that snoring frequency and intensity is associated with the timing of delivery in women without hypertension or diabetes. Frequent-loud snoring may be a useful to identify otherwise low-risk women who are likely to deliver earlier.
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